Ad-LacZ T-cells is distinct from inflationary MCMV-specific T-cells and is highly dependent on IL-21. Our observations highlight a fundamental difference in the mechanism by which adenovirus vectors and MCMV drive inflationary T-cell responses.
Introduction
The success of novel T-cell vaccine strategies depends on the ability of the vaccine to elicit large numbers of long-lived effector memory CD8 + T-cells. Cytomegalovirus (CMV) and non-replicating adenoviral vectors can induce an expanded, sustained effectormemory CD8 + T-cell response to specific epitopes, termed ''memory inflation", which develop in parallel with conventional noninflating (contracting) central memory responses to many epitopes [1] . Inflationary T-cells maintain effector function, ability to proliferate and lack features of T-cell exhaustion [2] , leading to interest in these cells in vaccine development. Since adenoviral vectors form the basis of many novel vaccines in infectious diseases and cancer this has high translational potential [3] . The recombinant replication-deficient human adenovirus 5 (HuAd5) vector expressing b-galactosidase (Ad-lacZ) induces two distinct pathways for memory -a typical contracting response to one epitope (I8V) and an inflating response to a second epitope (D8V), which is analogous to conventional (M45) and inflating (M38) responses to MCMV infection [4, 5] . While inflationary responses induced by MCMV and Ad-lacZ are phenotypically and functionally similar, the requirement of CD4 + T-cell help for the induction and maintenance of T-cell memory differs between MCMV infection and adenovirus vectors. Adenovirus vectors need CD4 + T-cell help for the induction, expansion [4, 6, 7] , and contraction of memory CD8 + T-cell responses [7] , while MCMV only needs CD4 + T-cell help for the maintenance of CD8 + T-cell responses [8] .
The mechanism behind this difference has not been explored. CD4 + T-cells produce IL-2 and IL-21 and maintenance of antigen-specific CD8 + T-cells in persistent viral infections (i.e.
LCMV, HIV-1) has been shown to depend on these cytokines [9] [10] [11] . Studies of MCMV infection have indicated that IL-2 but not IL-21 maintains inflating virus-specific CD8 + T-cell responses [8] . In comparison, studies have indicated that non-inflating adenovirus-derived CD8 + T-cell memory responses are dependent on CD4 + T-cell help, likely through the production of IL-2 and IL-21 [12, 13] , however, the dependence of adenovirus-derived inflating memory responses on IL-21 has not been examined. Here, we show that IL-21 is absolutely required for vaccinederived inflationary CD8 + T-cell responses using a mouse model of Ad-lacZ intravenous immunization. Our observations highlight a fundamental difference between adenovirus vectors and MCMV, especially around the time of memory induction.
Materials and methods

Mice
Experiments 
Detection and analysis of antigen-specific T-cells
Tetramers and fluorochrome-conjugated antibodies are shown in Table S1 and S2, respectively. MHC class I monomers complexed with M38 (H-2Kb), M45 (H-2Db), b gal D8V (H-2Kb) and b gal I8V (H-2Kb) were tetramerized by addition of streptavidin-PE (BD Bioscience) or streptavidin-APC (Invitrogen). Whole blood (100 ll) was stained using a 50 ll tetramer solution at 37°C for 20 min followed by antibody staining. Viable leukocytes were analyzed using a BD LSR II flow cytometer and FlowJo (Treestar).
Statistical analysis
Statistical analysis was performed using GraphPad PRISM (La Jolla, USA). P-values were determined by two-tailed T test and corrected using Holm-Sidak for multiple comparisons.
Results
Studies indicate that IL-2 but not IL-21 is required for MCMVinduced memory inflation [8] . This is in contrast to nonconventional memory responses to adenoviral vaccination [12] , and to other situations of persistent antigen presentation such as ) with Ad-lacZ. Intravenous immunization with replication-deficient Ad-lacZ induces a classical (noninflating) memory response to one epitope (I8V) and an inflating response to a second epitope (D8V) [4, 5] . We found that conventional T-cell responses were completely abolished, and that inflationary T-cell responses were markedly reduced in Il21 À/À mice ( Fig. 1A and B) .
We next asked whether tissue homing, activation state or maintenance profile of inflationary Ad-lacZ-specific CD8 + T-cells differed between Il21 À/À and WT mice. We examined lymph node homing based on L-selectin (CD62L) expression, differentiation based on CD27 expression, the homeostatic cytokine IL-7 receptor CD127 (IL-7R) and the memory marker CD44. CD27 is upregulated during the first days after T-cell receptor activation and downregulated during T-cell effector differentiation [15] . CD127 expression is downregulated by activated effector T-cells, and on inflationary CD8 + T-cells following response to IL-7 [4] . Overall, inflationary Ad- Fig. 1C and D) .
We next examined Ad-lacZ-specific T-cell responses in the tissues (spleen, liver and lung) of Il21 À/À and WT mice (Fig. 2) . Similar to the blood, conventional memory responses were absent in the tissues of Il21 À/À mice, and inflationary responses in the spleen and lung were significantly reduced ( Fig. 2A) . Unexpectedly, in contrast to blood and other organs, the magnitude of inflating memory responses in the liver was relatively preserved in Il21 À/À mice although these showed reduced differentiation, as defined by downregulation of CD27 (Fig. 2B) . These data suggest that -in contrast to MCMV -optimal induction, maintenance and differentiation of Ad-lacZ-derived inflating memory T-cell responses are dependent on IL-21.
We is important during CD8 + T-cell expansion in response to adenovirus vector vaccination [13] and is needed for MCMV-induced memory inflation [8] . We examined whether IL-2 supplementation could rescue vaccine-derived inflating T-cell responses in Il21 À/À mice (2 lg IL-2 i.p. first 5 days following immunization). Administration of IL-2 did not improve conventional or inflationary adenovirus vaccine-derived T-cell responses (Fig. 3C) , although the administration of IL-2 may have been too transient to have a long-term effect. These data suggest that IL-21 and possibly IL-2, each play critical non-redundant roles.
Discussion
Understanding the induction and maintenance of memory inflation is important for the development of CD8 + T-cells vaccines that aim to induce large numbers of memory CD8 + T-cells capable of providing protection against complex pathogens and cancers. The requirement of CD4 + T-cell help for the induction and maintenance of T-cell memory has been described to differ between MCMV infection and adenovirus vectors. MCMV-induced memory inflation requires CD4 + T-cell help for maintenance and is dependent on IL-2 but not IL-21 [8] . In contrast, we found that adenovirusinduced memory inflation is dependent on IL-21 for optimal induction, maintenance and differentiation. These data show that although MCMV infection and Ad-LacZ immunization induce inflationary CD8 + T-cell responses that are functionally and phenotypically similar, there are parallel pathways of memory induction with the adenovirus vector-pathway highly dependent on IL-21.
The relevant sources of IL-21 required for memory inflation in the adenovirus vaccine model (as opposed to the MCMV model) were not examined in this study. IL-21 -like IL-2 -can be derived from different cellular sources, including both CD4 + and CD8 + T cells [16] . In MCMV it has been shown that CD8 + T cell-derived autocrine IL-2 production is critical for optimal memory inflation [17] . Further adoptive transfer or bone marrow chimera studies to define the cellular source(s) of IL-21 necessary or sufficient for memory inflation in the adenovirus model would be valuable in this context. Similarly, to what extent exogenous boosting with IL-21 could further augment T cell responses driven by adenovirus vaccines has a clear translational implication. This approach has already been taken using others vectors, with clear benefit in pre-clinical models [18] -but given the important differences seen here between vectors, this type of approach could have specific relevance in the development of adenovirus vectors now widely used in clinical vaccine studies. The differences in the fundamental biology MCMV infection and Ad-lacZ immunization may account for differing pathways of induction of memory inflation. Ad-lacZ is a persistent replicationincompetent vector while MCMV is a persistent viral infection characterized by sporadic low-level reactivation events. It is thought that the need for CD4 + T-cell help during priming occurs in systems where innate immune activation is more modest, as occurs with replication-incompetent vectors [6] . In MCMV infection innate responses are robust enough to drive the CD4 + -independent expansion of inflationary CD8 + T-cells (as occurs in acute LCMV infection [19] ), such that CD4 + T-cell-derived IL-21 is not needed [8] . In contrast, adenovirus vectors induce comparatively modest and transient innate immune responses and the induction of a robust CD8 + T-cell response is more dependent on CD4 + T-cell help which may require multiple signals, including IL-21. In addition, while both MCMV infection and Ad-lacZ-derived antigens persist, the nature of persistence is quite different. For adenovirus vectors, there is a set amount of antigen that is maintained at some level and then slowly declines over time [4, 20] . In comparison, during MCMV infection, the virus pool is maintained -reactivation events allow viral spread to new cells with accompanying innate immune activation. We hypothesized that these differences in antigen persistence and innate immune activation relate to the differential role for specific CD4 + T-cell pathways in helping CD8 + T-cell responses.
However, we also show that the use of MCMV as an adjuvant in the absence of IL-21 was not sufficient to drive the induction of adenovirus-specific CD8 + T-cell memory inflation. Therefore, taken together our data indicates that the induction pathway of inflationary Ad-lacZ CD8 + T-cells is distinct from inflationary MCMV-specific cells and is highly dependent on IL-21. One surprising observation was the relative preservation of liver-associated inflationary populations (not seen in noninflationary pools), which showed reduced differentiation (CD27hi). In other settings IL-21 is critical for hepatic immunity (e.g. in response to HBV [21] ). We hypothesize that this observation may be potentially linked to the local immune-regulatory features in the liver, for example local survival signals mediated by liver sinusoidal endothelial cells [22] .
In conclusion, we demonstrate that IL-21 plays a crucial role in the development of inflationary memory T-cell responses following adenovirus-vector vaccination. These data have implications for novel vaccine strategies aiming to promote large and sustained memory T-cell responses.
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